INTRODUCTION:
Preterm birth affects 8-12% of live births and is associated with the development of elevated arterial blood pressure and aortic narrowing in later life; this suggests that preterm birth may alter the development of arteries. Our objective was to determine the effects of preterm birth, accompanied by antenatal corticosteroid administration, on the structure of the aorta and pulmonary artery, which experience different alterations in pressure flow at birth. RESULTS: at 11 wk, preterm lambs had significantly thicker aortic walls and a smaller lumen, whereas the morphometry of the pulmonary artery was unaffected. elastin deposition was markedly increased in the aorta and pulmonary artery and smooth muscle content was reduced in the aorta only. In preterm lambs we found injury in the aorta only; controls were unaffected. DISCUSSION: We conclude that moderate preterm birth after antenatal betamethasone can cause injury and persistent alterations in the structure and composition of the aorta, with lesser effects in the pulmonary artery. Our findings suggest that preterm birth may increase the risk of atherosclerosis and aortic aneurysms in later life.
METHODS:
Using an established ovine model of preterm birth, lambs were born at 0.9 of gestation and underwent necropsy at 11 wk after birth; controls were born at term. P reterm birth, defined as birth prior to 37 completed weeks of gestation, affects 8-12% of live births. As a result of advances in neonatal care, most preterm infants survive infancy, even those born as early as 23 wk (1) . Epidemiological studies have linked preterm birth to hypertension and vascular abnormalities in children and young adults (2) (3) (4) (5) (6) (7) (8) (9) ; the risk is increased with decreasing gestational age at birth, suggestive of causality (2, 3, 6) . For example, one study found a 0.31 mm Hg increase in adult blood pressure for every week of prematurity (2) . Such increases are important because a 2 mm Hg increase in adult blood pressure is associated with a 6% increase in the risk of coronary artery disease and a 15% increase in the risk of stroke or transient ischemic attack (10) .
Preterm birth has also been associated with increased vascular resistance and arterial wall thickness, which are both associated with hypertension and adverse cardiovascular outcomes (11) . For instance, a study of adolescent girls born preterm found higher brachial artery and aortic pressures, a narrower abdominal aorta, and lower peripheral skin blood flow than in girls born at term (9) . The cause of these vascular changes might relate to vascular adaptations that were set in place soon after preterm birth as a result of vascular immaturity.
In this regard, we have recently shown adverse structural remodeling of the myocardium in immature lambs as a result of being born preterm (12) . The major components of the arterial wall are elastin, collagen, and smooth muscle, each of which is laid down during gestation and early postnatal life (13) . Importantly, local hemodynamic conditions in the perinatal period play a major role in determining the structural composition of major arteries (14) , which, in turn, directly influences their wall compliance. The human fetal aorta is exposed to a steadily increasing luminal pressure, rising from a mean of 28 mm Hg at 20 wk to 45 mm Hg at 40 wk (15) ; this increase in pressure provides the normal environment for aortic development. At birth, systemic arterial pressure and aortic flow increase substantially, largely as a result of the loss of the placental vascular bed, closure of vascular shunts, and a decrease in pulmonary vascular resistance (16) . Preterm birth, including moderate preterm birth, occurs during this period of compositional change within the aorta (17) , at a time when the aorta is immature, thus exposing it to increased shear stress and pressure before it is structurally mature.
In utero, the developing pulmonary artery is exposed to pressures identical to those of the fetal systemic circulation (18) and receives only a small fraction of cardiac output (16, 19) . At birth, pressure within the pulmonary artery falls (mean pressure ~15 mm Hg), and it receives all of the right ventricular output after closure of the ductus arteriosus (20) . This change from high pressure/low flow to low pressure/high flow, when it occurs prematurely, may result in abnormal changes to the walls of the pulmonary artery.
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A major recent advance in improving the survival of preterm infants is the administration of antenatal corticosteroids to women who show evidence of preterm labor. Our lamb model of preterm birth includes antenatal betamethasone administration to the ewe because the majority of preterm infants in developed countries will be exposed to antenatal corticosteroids (21) .
Hence, we propose that, as a result of preterm birth, the immature aorta undergoes structural remodeling that differs from that occurring at term; we propose that these structural changes may lead to aortic narrowing, impaired aortic compliance, and subsequent development of hypertension. Second, in the pulmonary artery, as a result of the substantial rise in blood flow and the reduction in luminal pressure following preterm birth, we propose that there will be persistent changes in the morphometry and composition of the arterial wall, but these will differ from the changes in the aorta. We examined the proximal ascending aorta and pulmonary artery because these areas experience the highest blood flow velocity, shear stress, and dynamic pressures (22, 23) . Our objective was to determine and compare the effects of preterm birth, accompanied by antenatal corticosteroid exposure, on the structure and composition of the walls of the aorta and pulmonary artery.
ReSUlTS
Preterm lambs were born at 133 ± 1 d of gestational age and controls were born at term (147 ± 0 d). At birth, preterm lambs were significantly lighter than controls (preterm, 3.37 ± 0.26 kg vs. term, 4.10 ± 0.18 kg, P < 0.05); however, by 9 wk after termequivalent age (TEA), there was no significant difference in body weight (preterm, 17.11 ± 0.62 kg, vs. term, 16.83 ± 0.67 kg). At 8 wk after TEA, there were no differences between groups, either in mean arterial pressure (preterm, 76.6 ± 2.0 mm Hg, vs. term, 76.1 ± 1.5 mm Hg) or in systolic and diastolic pressures and heart rate. At necropsy, no lamb had a patent foramen ovale or ductus arteriosus (dye or probe patent). No cardiac structural abnormalities (e.g., septal defects) were observed in term or preterm lambs.
Aortic Injury
Injury was observed histologically in the aortas of four of the seven preterm lambs. The injury was apparent in three of the four affected lambs in the second segment and in all four affected lambs in the third segment. The lesions occurred in one male and three female preterm lambs. Lesions were round at the intimal surface and were on average 2.5 mm in diameter and 800 µm deep. Lesions were located within the tunica intima. The lesions were observed to be composed primarily of collagen and smooth muscle, with low levels of elastin in an abnormal configuration (Figure 1) .
Immunohistochemistry revealed minimal apoptosis (caspase 3) and proliferation (Ki-67) in the lesion or the surrounding tissue.
Aortic Morphometry
Aortic walls were significantly thicker in preterm lambs compared with controls, by an average of 22.6% across the three segments (Figure 2a ). There was a statistically significant narrowing (24.7% reduction in lumen area) in the third segment of the aorta in the preterm lambs compared with controls ( Figure 2b ) and therefore an increased media/lumen ratio in the same segment (Figure 2f ).
Aortic Wall Composition
Aortic elastin deposition was greater in all three segments in preterm lambs relative to controls (Figure 2c ). Smooth muscle content was significantly lower in all segments of the aorta in preterm lambs compared with controls ( Figure 2d) ; however, total collagen deposition did not differ among groups (Figure 2e ).
Pulmonary Artery Morphometry
The mean thickness of the pulmonary arterial wall was 10% lower in preterm lambs compared with controls; however, the difference was not significant (P = 0.08, Figure 3a) . After adjusting for lumen circumference, thickness between groups did not differ. No difference between groups was detected in pulmonary arterial lumen area (Figure 3b ) or in the media/ lumen ratio (Figure 3f ).
Pulmonary Artery Composition
Pulmonary arterial elastin deposition was greater in all three segments from preterm lambs relative to term lambs (Figure 3c ). Smooth muscle deposition did not differ between groups (Figure 3d ), but there was a significantly lower amount of collagen compared with controls in the second segment of the pulmonary artery, with a nonsignificant trend for reduction in the first segment (Figure 3e ).
DiSCUSSion
Our findings clearly demonstrate evidence of aortic intimal injury and marked remodeling of the aortic wall, leading to a Articles Preterm birth and the arterial wall smaller luminal area, following preterm birth. These changes are likely irreversible and could contribute to long-term risk of cardiovascular disease, in particular, hypertension, aortic aneurysm, and atherosclerosis. Less dramatic changes were seen in the wall of the pulmonary artery, which probably reflects the difference in hemodynamic changes in these two arteries at the time of birth. The changes in vascular structure observed in the preterm lambs likely are an adaptive response of the immature arteries to the hemodynamic transition at birth, but we cannot exclude a possible influence of antenatal corticosteroids.
Aortic Injury
Surprisingly, we obtained striking morphological evidence demonstrating that injury can occur in the intima of the aortic wall following preterm birth. In four of the seven preterm aortas studied at 11 wk after birth, we observed focal areas of intimal thickening within the aorta, indicative of previous injury to the aortic wall; such intimal thickening was not observed in any of the term lambs at the same age.
Injury within the aortas of all preterm lambs is likely, but was only detected in four of the seven animals. Indeed, only a small segment of the aorta was analyzed, and aortic injury Summary of morphometric data from the aorta of preterm and term lambs. Data from term lambs appear in blank bars and those from preterm lambs appear in solid bars. All plots show means ± SeM. *P < 0.05. (a) A marked increase in wall thickness was found in preterm lambs across all three segments. in the third segment, there was (b) a reduction in lumen area and (f) an increased media to lumen ratio. in all aortic segments, we observed (c) an increase in elastin, (d) reduced smooth muscle, and (e) no change in collagen deposition. seg, segment. may have occurred more distally in the other preterm lambs. Importantly, the areas of aortic injury were not associated with the remnants of the ductus arteriosus because this area was avoided during dissection. In testing our hypothesis, we focused on the ascending aorta because it is the region of highest dynamic pressure. In comparison, there is relatively low pressure at the aortic valve (with some pressure being relieved by the branching of the coronary arteries at this level) (24) . These differences in arterial pressure likely account for the most striking structural changes observed in our most distal segment because the first aortic segment analyzed was at the level of the aortic valves.
We propose that the large rise in aortic pressure and/or flow that occurs at birth (16, (25) (26) (27) leads to intimal injury in the ascending aorta because the immature artery at the time of preterm birth is not sufficiently developed to accommodate the high postnatal levels of blood pressure and flow. Importantly, in this regard, we have found in preterm lambs that mean arterial pressure rises by more than 20 mm Hg at the time of birth (unpublished observations). Of particular concern, we found a substantial thinning of the media of the aortic wall at the site of injury. Indeed, the integrity of the aortic wall likely is substantially compromised at this location, rendering it vulnerable to aneurysm with aging, development of hypertension, and disease. In addition, intimal thickening acts as a precursor for atherosclerosis (28) ; hence, the preterm aorta appears to be predisposed to developing atherosclerosis at these sites.
We cannot exclude the possibility that the unavoidable use of antenatal betamethasone contributed to the development of the aortic injury, but we consider it unlikely owing to the low dose used.
Aortic Structure and Composition
In addition to aortic injury, we found marked remodeling of the aortic wall in response to preterm birth; there was an increase in aortic wall thickness that was associated with an increase in elastin deposition and reduced smooth muscle content but no change in collagen content. This is likely an adaptive response of the immature aorta to the high postnatal systemic arterial pressure, which is considerably higher than in utero (27) . Indeed, local hemodynamic conditions in the perinatal period play a major role in the maturational changes in structural composition (elastin, smooth muscle, and collagen) of the aorta, which, in turn, directly influence aortic compliance (17) . During the perinatal period, concentric lamellae of elastin rapidly form within the aortic wall and thereafter rates of elastin synthesis fall rapidly (29) . These layers of elastin are essential for the normal compliance of the aorta, allowing it to accommodate the high volume of blood during systole and the elastic recoil during diastole, which maintains an even forward flow of blood to the body against a closed aortic valve. Elastin has a very low turnover because its half-life is ~40 y (30) , and the number of elastin lamellar units in a particular vascular segment does not change after birth.
In contrast, the smooth muscle content within the aortic media of the preterm lambs was significantly less than in the controls. This implies that these aortas could be less responsive to vasostimulatory factors.
Significant narrowing of the aortic lumen accompanied the marked remodeling of the aortic wall, probably resulting from the thickened media. In accordance with our findings, a recent study showed that the aortas of adolescent girls born preterm were narrower and less stiff than those of girls born at term (9) . In another study, aortic narrowing was reported in adolescents who were born preterm (7). Arterial narrowing is likely to be detrimental in the long term and may contribute to the now well-described elevation in arterial pressure in subjects born preterm (2) (3) (4) (5) 8, 9, 31) .
Pulmonary Artery Less Vulnerable to Preterm Birth
In accordance with our hypothesis, we observed very few changes in the structure and composition of the pulmonary artery wall following preterm birth. Unlike the aorta, there appeared to be no deleterious effects of preterm birth on arterial wall structure, and there was no evidence of endothelial injury or luminal narrowing. The relative biochemical composition of the arterial wall was generally unaffected by preterm birth, except for a significant increase in elastin content. We propose that the differences observed in the aorta vs. the pulmonary artery result from differences in the mean luminal pressures to which these immature arteries are exposed in the period soon after birth.
Potential Role of Antenatal Corticosteroids
Antenatal exposure to betamethasone could have contributed to the aortic injury and vascular structural remodeling observed in our preterm lambs. Elastic lamellae within arterial walls are predominantly laid down in the perinatal period, and betamethasone may have led to the increased deposition of elastin within the aorta and pulmonary artery because corticosteroids are potent regulators of elastin synthesis (29) . Similarly, evidence exists that antenatal corticosteroids can induce permanent changes in endothelial and vascular smooth muscle function, ultimately leading to endothelial dysfunction (32, 33) . Given that exposure to corticosteroids can lead to endothelial dysfunction, their use may also lead to intimal injury; together with the hemodynamic changes at birth, it is likely that severe intimal injury will ensue. However, a study in which lambs born at term (~145 d) were administered 0.2 mg/kg dexamethasone twice a day, from birth to postnatal day 10, did not reveal aortic injury or increased elastin deposition in the aorta at necropsy on day 10 (29). In the present study, we have been unable to determine whether betamethasone exposure mediated any of the observed arterial injury and remodeling following preterm birth. Unfortunately, it was not possible for us to avoid the use of betamethasone because preterm lambs do not survive without it. However, our animal model closely reflects the human scenario in which it is routine practice for women at risk of preterm delivery to be administered antenatal steroids.
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In our study, we have avoided many of the other confounding factors associated with preterm birth in humans, such as intrauterine factors thought to induce preterm delivery (for example, chorioamnionitis and intrauterine growth restriction) and factors associated with postnatal care (for example, mechanical ventilation, hyperoxia, and postnatal medications) (34) . Importantly, recent studies demonstrate that factors such as these can also influence the long-term vascular phenotype in subjects born preterm (8) . Together with the present study, these studies highlight the vulnerability of the cardiovascular system of preterm infants and suggest a cumulative cardiovascular risk depending on the causes of preterm birth.
Conclusions
We have shown in a clinically relevant model of moderate preterm birth that there are injurious and persistent changes to the structure and composition of the aorta. These adverse effects appear to be the result of the rapid rise in systemic arterial pressure at the time of birth because they were not observed in the pulmonary artery, in which pressure falls after birth; it remains possible that exposure to antenatal corticosteroids could play a role in the observed effects. The aortic injury and luminal narrowing associated with preterm birth could predispose for long-term cardiovascular disease.
MeTHoDS
Ethical Approval
This study was approved by the Monash University Animal Ethics Committee in accordance with the National Health and Medical Research Council (Australia) guidelines for the care and handling of animals for scientific purposes.
Experimental Protocol
Studies were performed using two groups of lambs: one group was born preterm (0.9 of term) following antenatal corticosteroid exposure and the other was born at term. Preterm birth was induced using an established protocol (35) . Briefly, 19 date-mated crossbred ewes were randomly assigned to deliver their lambs either at term (147 d after mating) or 14 d prior to term (133 d after mating). All lambs were born vaginally. To induce preterm birth, Epostane (50 mg i.v., Win-32729; Winthrop, Guildford, UK) was administered to 7 ewes 131 d after mating to induce delivery ~48 h later. On the same day, the ewes were also administered a dose of betamethasone (3.7-5 mg i.m., Celestone; Schering-Plough, North Ryde, Australia) to enhance the viability of preterm lambs. Control ewes did not receive betamethasone. The ewes gave birth to 1 male and 6 female preterm lambs. The control group (n = 12, 6 female, 6 male) were born spontaneously at term.
Lambs were raised in individual pens with their mothers. For 1-3 d after birth, preterm lambs were bottle-fed expressed milk from their mothers. Ewes had free access to feed and water. At 3 wk after TEA, lambs underwent aseptic surgery for implantation of femoral arterial and venous catheters; anesthesia was induced with Alfaxalone (3.5 mg/kg i.v. Alfaxan; Jurox, Rutherford, Australia) and maintained with 1%-1.5% inhaled Isoflurane (Baxter Healthcare, Rutherford, Old Toongabbie, Australia).
Using the arterial catheter, mean arterial pressure and heart rate were measured for 2 h on days 55 and 56 after TEA. Data were recorded and analyzed using PowerLab 8/30 and Chart Version 5.01 (ADInstruments, Sydney, Australia).
Necropsy Protocol
Preterm lambs were euthanized 9 wk after TEA using sodium pentobarbital (325 mg/ml). The 12 control lambs were euthanized 9 wk after term birth; at this age, lambs are preadolescent. The thoracic aorta and pulmonary arteries were excised and placed in saline with papaverine hydrochloride (DBL Pharmaceuticals, Mulgrave North, Australia) to maximally dilate the vessels. Vessels were then immersion fixed in 4% buffered formaldehyde solution. In each animal, aorta and pulmonary arteries were sampled from the same anatomical site. One-millimeter segments of the aorta and pulmonary artery were cut from just above the level of the valve (first segment) and then another two segments (1-mm thick, second and third segments) were taken 2 cm apart from the level of the valve, giving a total of three segments of 1-mm thickness. Arbitrary numbers were assigned to the removed samples so as to blind the investigators to grouping.
Paraffin sections from each segment were cut at 6 µm and mounted on poly-l-lysine-coated slides. Slides from every segment were stained with picrosirius red to measure collagen content (12), Gomori's aldehyde fuchsin to measure wall thickness, and Verhoeff 's elastic stain to measure elastin content (36); other slides were prepared for immunohistochemistry (see below). To minimize variation, for each segment at least five slides per stain were used and average values were taken. Slides were interleaved so that no section was followed by a section stained using the same technique.
Immunohistochemistry
Some slides were immunohistochemically stained for cellular proliferation utilizing Ki-67 (MIB-1 clone; Dako, Botany, Australia) and active caspase-3 (Polyclonal; R&D Systems, Minneapolis, MN) to detect cells undergoing apoptosis and α-smooth muscle actin (1A4 clone, Dako) to determine the amount of vascular smooth muscle. Detection was performed using Dako EnVision+ Dual Link HRP/ DAB+ kit (Dako). All negative controls were sections incubated without the primary antibody.
Sections were stained with the α-smooth muscle actin antibody (1:50 dilution) for 30 min. Positive controls were sections of adult ovine aorta.
Sections were stained with the Ki-67 (1:100 dilution) or active capase-3 antibodies (1:250) for 18 h and 30 min, respectively. Positive controls were Zymed Ki-67+ control slides (mouse tonsil, a known Ki-67-positive tissue) (Invitrogen, Carlsbad, CA) and sections from the right ventricle of a lamb that suffered a myocardial infarction.
Image Acquisition
Slides were scanned at 20× magnification using the Olympus dotSlide system (Version 2.1; Olympus, Tokyo, Japan). This enabled the capture of very large vessels with excellent resolution. Images were batch exported from dotSlide as individual frames and reconstructed in PanaVue ImageAssembler Professional (PanaVue, Quebec, Quebec, Canada).
Image Analysis
Images were analyzed using Image Pro-Plus Version 6.2 (Media Cybernetics, Bethesda, MD). Measurements of wall thickness, media thickness, and intima thickness were measured continuously along the entire wall. Area measurements were reconstructed areas based on the perimeter length of the structure to eliminate any changes caused by vessel distortion during processing into paraffin. Percentages of collagen, elastin, and α-smooth muscle actin were expressed as percentages of the entire vessel wall area.
Statistical Analysis
Data were analyzed using an independent samples t test (two-tailed). Analysis was performed using PASW Statistics 19 (IBM SPSS, Chicago, IL). Sig nificance was set at P ≤ 0.05. Data are presented as means ± SEM. Graphs were prepared in GraphPad Prism Version 5.04 (GraphPad Software, La Jolla, CA).
